The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. over selected regions in the remote ocean, continental midlatitudes, and the tropics, respectively, and are consistent with observational constraints.
Introduction
Reactive organic carbon (ROC) is the sum of atmospheric nonmethane volatile organic compounds (NMVOCs) and primary and secondary organic aerosol (OA). NMVOCs drive the oxidative chemistry of the atmosphere, affecting the hydroxyl radical concentrations and methane lifetime. They also serve as precursors to ozone and aerosol formation, both of which are deleterious to human health [Lim et al., 2012] and affect the climate [Intergovernmental Panel on Climate Change, 2014] . NMVOCs dominate the ROC burden. They include aliphatic, aromatic, and oxygenated hydrocarbons (e.g., aldehydes, ketones, alcohols, and organic acids), and organic nitrates and sulfates. Goldstein and Galbally [2007] estimate that of the organic compounds likely present in the atmosphere (10 4 -10 5 species), only a fraction of these have been identified.
While the budget of key individual NMVOCs have been evaluated in models (e.g., Millet et al. [2008] for methanol and Fischer et al. [2012] for acetone), the total pool of NMVOCs in the troposphere is poorly characterized and evaluated.
OA participates in heterogeneous chemical reactions and can impact cloud formation [Novakov and Penner, 1993; Kroll et al., 2015] . Primary organic aerosol (POA) is directly emitted from sources, and secondary organic aerosol (SOA) is formed when NMVOCs oxidation products undergo gas-to-particle transfer. Model simulations based on laboratory constraints on SOA formation underestimate observed OA concentrations [e.g., Heald et al., 2011; Tsigaridis et al., 2014] . This is due to an incomplete understanding of the formation and loss of OA in the atmosphere, including the oxidative chemistry of NMVOCs that serve as precursors to SOA [Hallquist et al., 2009] . The total organic aerosol (OA) source (POA + SOA) in bottom-up estimates ranges from 50 to 90 Tg C yr À1 [Kanakidou et al., 2005; Hoyle et al., 2007; Henze et al., 2008] , and from 25 to 910 Tg C yr À1 in top-down estimates [Goldstein and Galbally, 2007; Heald et al., 2010; Spracklen et al., 2011] . Traditionally, the budget of NMVOCs and OA have been explored separately. However, a growing understanding that the pool of NMVOCs not only may constitute a source of OA but may be a product of OA oxidation [Kroll et al., 2009] argues for a holistic ROC budget perspective . The current generation of analytical instrumentation is now approaching a degree of carbon closure heretofore not possible [Chung et al., 2003; Roberts et al., 1998 ]. This holds promise for future efforts to observationally characterize the ROC budget in the atmosphere.
Due to the chemical complexity and variety of ROC species, limited global measurements, and the lack of mass closure in both ambient measurements and models, uncertainties on the lifecycle of ROC in the atmosphere are large. The two modeling studies that have previously characterized ROC, looking only at VOCs SAFIEDDINE ET AL. GLOBAL REACTIVE ORGANIC CARBON BUDGET 1 [Folberth et al., 2005] or focusing on organic nitrate and phosphorous [Kanakidou et al., 2012] , show large differences. Back-of-the-envelope budgets of ROC in the atmosphere are also characterized by large uncertainties [Goldstein and Galbally, 2007; Hallquist et al., 2009] . To date, no self-consistent budget of ROC (including both gas and particle phase) has been estimated based on our current process-based understanding. This study therefore attempts to construct a holistic simulated budget of known ROC in the global troposphere using a 3-D chemical transport model. Given the computational limitations of such a model, a simplified perspective on this chemistry is necessarily represented. Nevertheless, this work provides new insight into the current model representation of the flow of ROC in and out of the atmosphere, and new opportunities to use observations to identify deficiencies in the lifecycle representation of ROC.
Model Description
We use the global chemical transport model GEOS-Chem v9-02 (www.geos-chem.org), with modifications (see section 3) to develop the first ROC global budget. GEOS-Chem is driven by assimilated meteorology from the NASA Global Modeling and Assimilation Office. Our simulations are driven by GEOS-5 meteorological data for 2007-2010 at a horizontal resolution of 2°latitude by 2.5°longitude and 47 vertical levels.
The standard GEOS-Chem simulation includes a coupled description of HO x -NO x -VOC-O 3 -BrO x chemistry Mao et al., 2013] . The chemical mechanism includes 123 species (of which 66 are advected) and 357 chemical reactions, including 64 photolysis reactions (based on the FAST-J photolysis scheme [Wild et al., 2000] ). Methane concentrations are based on the NOAA GMD flask observations (http://www.esrl.noaa.gov/ gmd/ccgg/flask.php) and are fixed to annual zonal mean values in four latitude bands. SOA formation from biogenic (isoprene, monoterpenes, and sesquiterpenes) and aromatic (benzene, toluene, and xylene) compounds is described by a volatility basis set scheme, where aerosol is reversibly formed from the first or second-generation oxidation products of the parent hydrocarbon [Pye et al., 2010] . With the exception of isoprene, the precursor chemistry for SOA formation is not coupled to the gas-phase chemical mechanism in the standard GEOS-Chem v9-02 release. The GEOS-Chem species and chemical mechanism are described in the supporting information.
We use primary organic aerosol anthropogenic emissions from Bond et al. [2007] , with North American emission seasonality following Park et al. [2003] . Global anthropogenic/biofuel emissions are from EDGARv3 for CO, NO x , and SO x , including emissions from ship exhaust [Olivier and Berdowski, 2001] [Guenther et al., 2006] . The GEOS-Chem standard mechanism includes organic ocean sources for acetone and dimethyl sulfide (DMS). Global year-specific biomass-burning emissions are from the GFED3 inventory [Mu et al., 2011] .
Removal of gases and particles occurs via wet and dry deposition. Wet scavenging is described by Amos et al.
[2012] for gases for aerosols. Dry deposition is based on a resistance parameterization described by Wesely [1989] .
The GEOS-Chem simulation of organic species has been extensively evaluated against observations, including studies by Jacob et al. 
Updates to the Organic Carbon Simulation in GEOS-Chem
A number of modifications were made to the standard GEOS-Chem simulation to enable the characterization of the global ROC budget. We perform a complete mass tracking of all reactive carbon species, including We add gas-phase chemistry of aromatics and monoterpenes, as described by Knote et al. [2014] and Fisher et al. [2016] , respectively. We link the aromatics and monoterpene chemistry to the existing SOA formation mechanism [Pye et al., 2010] . We also add the oxidation of acetylene and ethylene from the CAM-Chem chemical mechanism [Lamarque et al., 2012] and MBO chemistry from Knote et al. [2014] .
We ensure carbon closure in all the reactions included in the GEOS-Chem chemical mechanism. Typically, chemical mechanisms are not designed with carbon closure in mind; for example, the lumping of species (e.g., all alkanes > C-3 are lumped together in the GEOS-Chem chemical mechanism as ALK4) leads to some ambiguity about the molecular weights of lumped species. We modify 13 previous "carbon creating" reactions to preserve carbon. For the subset (76 of 293 total reactions) of reactions where carbon was lost, we enforce carbon conservation by tracking the lost carbon as CO 2 (labeled as {CO 2 } in Table 2 in the supporting information). In reality, some of this "lost carbon" may oxidize to another ROC species rather than CO 2 leading to a possible overestimate of CO 2 production. Given that a small fraction of the CO 2 produced in our mechanism (5%) is from this lost carbon, this is a negligible source of uncertainty in our budgets. We achieve carbon closure in the particle phase by removing the semivolatile carbon mass from its gas-phase precursor.
Our new scheme adds 53 species and 97 chemical reactions including 11 photolysis reactions to the standard gas-phase chemical mechanism.
Results
We present in what follows the simulated ROC budget for the year 2010. Uncertainties associated with this budget are discussed in section 5. Table 1 summarizes the burden, emissions, and loss of the ROC species in our simulation. Ninety percent of the total ROC burden is represented by 27 organic species included in our simulation, the remaining 139 species are totaled as "All Other" in Table 1 . Where available, we compare to burden estimates for specific species from the literature. Figure 1 shows the simulated annual ROC column concentrations and the total surface reactivity. High ROC concentrations correspond to regions with high emissions, in particular around the tropics. In the northern midlatitudes anthropogenic NMVOCS sources, such as hydrocarbons and ketones have sufficiently long lifetimes (days to few months) to allow transport and hemispheric mixing. The lowest ROC concentrations are found in the remote Southern Hemisphere. Figure 1b shows the chemical speciation of the global ROC. The leading contributors to ROC are the longer-lived species, including alkanes, alkenes, and aromatic hydrocarbons (together denoted as C x H y ), ketones, and acids. The total ROC is dominated by gas phase species, with OA contributing 5% of the total burden.
The global distribution of the total surface OH reactivity (the inverse of OH lifetime) is shown in Figure 1c .
It provides an alternate perspective on the relative importance of reactive carbon species and is derived as To highlight how OH reactivity reflects local chemistry, we show in Figure 2 the contribution of various chemical species to the local reactivity over different regions in the world. The seasonal variation of the OH reactivity is shown in the bar chart in Figure 2 . In Europe and China, NO x and CO dominate the total reactivity with higher reactivities in winter. This primarily reflects the elevated primary anthropogenic emissions in this season. In the eastern United States biogenic species such as isoprene, and OVOCs play a more significant role in the total reactivity, with higher reactivities in summer, consistent with vegetation phenology. These simulated values are consistent with measurements of total OH reactivity in urban areas [Sinha et al., 2008; Lou et al., 2010; Mao et al., 2010; Dolgorouky et al., 2012; Whalley et al., 2016] . Over central Africa and Amazonia, biogenic compounds dominate the total reactivity. The seasonal mean OH reactivities simulated in these two regions are between 12 and 34 s À1 . These simulated values agree well with the reactivities observed over regions with high biogenic emissions (10-62 s À1 , including in canopy measurements [Edwards et al., 2013; Sinha et al., 2008; Nolscher et al., 2016] ). This suggests that isoprene emissions and low NO x isoprene chemistry are adequately captured by the simulation. A more detailed comparison against OH reactivities measured in different years than simulated here is not possible; however, such comparisons should be included in future efforts to evaluate model skill in representing the local chemical environment.
Figure 3 provides a process-based quantification of the global ROC budget diagnosed from our GEOS-Chem simulation. The annual mean ROC burden for the year 2010 is 16 Tg C and is dominated by NMVOCs (15 Tg C). However, as discussed in section 5, we likely underestimate the OA burden in our simulation.
The sources of atmospheric ROC include direct emissions and oxidation of methane, together totaling 1350 Tg C yr À1 in our simulation. Direct emissions of 935 Tg C yr À1 , of which 29 Tg C yr À1 are emitted as primary OA, are in good agreement with two modeling studies by Kanakidou et al. [2012] (990 Tg C yr À1 ) and Folberth et al. [2005] (1166 Tg C yr À1 ). The loss of ROC is from physical deposition processes, oxidation to CO or CO 2 , and a small loss to the stratosphere via transport. The gas-phase deposition total (412 Tg C yr
À1
) is in close agreement to that reported by Kanakidou et al. [2012] (381 Tg C yr À1 ). Our particle deposition totals 48 Tg C yr À1 is smaller than the estimate of Kanakidou et al. [2012] (147 Tg C yr À1 ); this can be explained, in part, by the OA underestimate in our model (discussed in section 5).
In this study, CO 2 is a carbon reservoir species which is a product of chemical oxidation; we do not include any direct CO 2 emissions or uptake. The annual mean flux from ROC to CO/CO 2 in this study is 885 Tg C yr
. We estimate that chemical oxidation of ROC and emitted CO provide a source of 1.27 Pg C yr À1 of CO 2 .
Suntharalingam et al.
[2005] estimate a somewhat lower value of 1.1 Pg C yr À1 using a previous version of GEOS-Chem, which did not include all of the ROC emission sources included in our simulation. Folberth et al.
[2005] suggest a total chemical CO 2 production of 1.21 Pg C yr À1 , in closer agreement to Quéré et al., 2014] , this work shows that chemical production constitutes over 13% of the total present-day source of CO 2 . Given the spatial and temporal variability of ROC, accounting for the variation in this source may be critical for CO 2 inversion studies.
The differences in absolute emissions and the treatment of methane oxidation (included here) make it challenging to compare our values with the qualitative budgets derived by Hallquist et al. [2009] and Goldstein and Galbally [2007] . However, we note that Hallquist et al. [2009] suggest that the loss of ROC via deposition is 2.4 times larger than the oxidation to CO/CO 2 . We find the opposite: oxidation loss of ROC is 1.9 times the deposition loss. This suggests that chemical processing is a more efficient loss mechanism than previously suggested. The ratio of chemical to physical loss of ROC may be a useful diagnostic for assessing and comparing model simulations of ROC processing.
Uncertainties
Figure 3 represents a self-consistent budget of ROC in the atmosphere based on current process-based understanding. It is our best estimate of the ROC budget; nevertheless, uncertainties on the burden and fluxes in Figure 3 remain large.
While we have made a significant effort to expand the treatment of ROC in our simulation, this scheme is by no means a complete simulation of all ROC sources and transformations. Computational limitations imply that the level of chemical detail is limited, however, from a budget perspective; this is not likely a significant limitation since our simulation represents the key moderate to long-lived constituents of ROC. We have, however, omitted some sources and transformation which are poorly understood or constrained. In particular, we do not include any sources of intermediate volatile organic compounds (IVOCs), precursors of SOA [Robinson et al., 2007] . A lack of measurements of compounds in this volatility range precludes a good understanding of the emissions and chemical transformation of IVOCs. Limited studies to date suggest that these compounds could constitute a source of~50-200 Tg yr À1 [Jathar et al., 2011; Shrivastava et al., 2015; Hodzic et al., 2016] .
We also do not include emissions of terpenes from the oceans; the magnitude of these sources is not well constrained but is not thought to exceed 41 Tg C yr À1 [Luo and Yu, 2010] .
Our model scheme does not describe some chemical transformations relevant to SOA. Laboratory studies have shown that water-soluble VOCs can partition into clouds, fogs, and aerosol water and react forming low volatility products [Ervens et al., 2011] . Models suggest sources of in-cloud SOA formation range from 20 to 30 Tg yr À1 [McNeill, 2015] ; however, ambient data available to verify this source are limited.
Photolytic SOA loss (e.g., that of monoterpene SOA [Henry and Donahue, 2012] ), functionalization, fragmentation [Kroll et al., 2009; Chacon-Madrid and Donahue, 2011] , and accretion of condensed phase organics (e.g., that of C 10 aldehydes [Barsanti and Pankow, 2004] ) are also other mechanisms that are not included in our study. Uncertainties on these processes remain large. Neglecting these processes affects the flow between the gas and particle phase of ROC but is unlikely to impact the overall budget of ROC. Some models compensate for the underestimate of SOA formation in laboratory-yield-based simulations by adding an additional source of~100 Tg yr À1 of OA [e.g., Spracklen et al., 2011] or an unconstrained aging parameterization with more volatile organic constituents converted to less volatile ones [e.g., Jo et al., 2013; Shrivastava et al., 2011] . We do not do so here; therefore, we highlight that our ROC simulation underestimates the amount of carbon in the particle phase. It remains unclear to what degree emissions of additional ROC sources versus chemical transformations of existing gas-phase ROC is needed to capture OA concentrations.
It is challenging to estimate the uncertainties on each of the terms presented in Figure 3 . The simulated burden for specific NMVOC species compare well with previous modeling studies (Table 1) , many of which have been evaluated against observations. Observational constraints suggest that our OA burden underestimate is likely within a factor of 2 [Heald et al., 2011; Tsigaridis et al., 2014] . We therefore estimate that the uncertainty on the tropospheric burden of ROC is within 15%. We have repeated our simulation for multiple years (2008) (2009) (2010) and find that the terms in the budget change by 2-3% (direct emissions), 4-5% (deposition), and 0-1% (CO 2 from ROC), demonstrating that the budget is relatively robust to year-to-year differences in meteorology and natural emissions (including fires). Given the above discussion of missing Bond et al., 2007; Pfister et al., 2008; Pechony et al., 2013] , while the secondary source of ROC from methane oxidation is likely within 10% [Kirschke et al., 2013] . The uncertainty on the loss of ROC is more challenging to assess. The CO 2 flux from ROC and CO is within 13% of previous studies (section 4); however, this has been diagnosed in very few modeling studies to date, and laboratory constraints on the ultimate production of CO 2 from organic oxidation are limited. The lack of measurements of dry and wet deposition of organics imply that the uncertainty on global physical removal cannot be assessed at this time. Observations, both in laboratory studies and the ambient atmosphere, which can constrain the loss of ROC, are critically needed to evaluate budgets such as the one presented here and inform the assessment of uncertainties on the fluxes presented in Figure 3 .
Conclusions
Reactive organic carbon (ROC) is the fuel of tropospheric chemistry, not only leading to ozone and organic aerosol formation but also providing a large chemical source of CO 2 . It is therefore essential to improve our understanding of the composition and fluxes of ROC. This study presents a holistic modeling perspective on the budget of known ROC in the global troposphere using the GEOS-Chem model. Our simulation is an expanded version of the standard GEOS-Chem model, with additional organic gas-phase chemistry, emissions, and deposition, while achieving carbon closure in the gas and particle phase.
